Zinc oxide ͑ZnO͒ is semiconductor with a wide band gap of 3.4 eV. It continues to gain more attention not only for its versatile use in industry but also its potential for further application in electronics, optics, spintronics, and transparent circuits. Many of these applications require p-type ZnO. Nitrogen substituting for oxygen is a possible acceptor for such applications. In this paper, we report a study of nitrogen-hydrogen ͑N-H͒ complexes grown into single-crystal ZnO, using seeded chemical vapor transport in an ammonia ambient. An infrared ͑IR͒ absorption peak arising from N-H complexes was observed at 3150.6 cm −1 at liquid-helium temperatures. The assignment of this peak was confirmed by nitrogen and hydrogen isotope substitution. Polarized IR spectroscopy shows that the N-H dipole is oriented at an angle ϳ114°to the c axis, in agreement with previous first-principles calculations. To probe the stability of the N-H complexes, samples were annealed in air, oxygen, and argon. Samples annealed in oxygen at 725°C showed a significant increase in resistivity, due to outdiffusion of hydrogen and compensation by nitrogen acceptors.
I. INTRODUCTION
The renewed interest in zinc oxide ͑ZnO͒ has continued to grow over the last decade, spurred by the need for low cost, high efficiency light-emitting diodes, and lasers. Its direct band gap of 3.4 eV ͑Ref. 1͒ at room temperature makes ZnO useful for near-UV emission and as a transparent conductor.
2 ZnO is already prevalent in industry, in devices such as solar cells 3 and varistors. 4 Research is in progress that may result in novel spintronic [5] [6] [7] and electronic technologies. 8 Despite these advances, reliable p-type doping remains an elusive goal. 9 Theoretical calculations have shown that substitutional nitrogen on an oxygen site is an acceptor with a 400 meV hole-binding energy. 10 Photoluminescence experiments suggest a binding energy closer to 200 meV. [11] [12] [13] We have previously reported the successful introduction of neutral N-H complexes in polycrystalline ZnO grown by chemical vapor transport ͑CVT͒ using ammonia gas ͑NH 3 ͒ as a transport agent.
14 N-H complexes have also been observed in ZnO thin films grown by metalorganic chemical vapor deposition ͑MOCVD͒. 15 Several other methods have been reported on the introduction of nitrogen into ZnO using chemical vapor deposition, 16 MOCVD, [17] [18] [19] and molecular beam epitaxy. [20] [21] [22] [23] In this paper, we report the observation of N-H complexes introduced into single-crystal CVT-grown ZnO. A probe of the structure, using polarized-infrared ͑IR͒ spectroscopy, shows that the N-H complex is oriented nearly perpendicular to the c axis. Four isotope combinations ͑ 14 N-H, 15 N-H, 14 N-D, and 15 N-D͒ were measured. We also observed the second harmonic, which provides information about anharmonicity.
II. EXPERIMENTAL METHODS

A. Crystal growth
The method of CVT we have adapted to grow our ZnO crystals uses graphite to break down ZnO, a material with low vapor pressure, into two materials with higher vapor pressure. 24 The following equations describe this process:
ZnO + CO ↔ Zn + CO 2 . ͑2͒
The ampoule in which the graphite and ZnO are sealed is held in a temperature gradient. The end containing the graphite and ZnO ͑source end͒ is held at 1000°C while the end where deposition is to occur ͑deposition end͒ is held at 880°C. The temperatures are maintained for 30 h. Both Eqs. ͑1͒ and ͑2͒ are driven forward at the source end. As the Zn vapor and CO 2 gas travel to the deposition end, Eq. ͑2͒ is partially reversed. In the present experiments, a seed crystal was placed at the deposition end. Seed crystals were obtained from Cermet Inc. 25 and were cut to 5 ϫ 5 ϫ 0.5 mm. The seed crystal was affixed to the end of the ampoule by melting a small grain of copper between the seed and the ampoule wall. The ampoule was backfilled with 0.5 atm of one or a combination of 14 NH 3 , 14 ND 3 , or 15 NH 3 . The ammonia gas provided nitrogen ͑and hydrogen͒ dopants.
B. Structural characterization
After the crystal was grown, it was polished using aluminum oxide powder. The typical sample thickness was 2.5 mm or larger before polishing. The sample was polished in order to remove pits and the seed crystal. The typical sample thickness after polishing was 1.7 mm.
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Electron backscatter diffraction ͑EBSD͒ was performed on these crystals, showing that they are c-oriented with a small amount of variation. Further analysis revealed that while the crystal orientation varied by about Ϯ5°around the c axis, there were no clear grain boundaries. EBSD performed on samples from Cermet Inc. gave similar qualitative results; however, the variation in crystal orientation ͑Ϯ6°͒ was constrained to rotations about a single vector perpendicular to the c axis.
C. IR and electrical measurements
IR spectra were obtained using a Bomem DA8 Fourier transform IR ͑FTIR͒ spectrometer with liquid-nitrogen cooled InSb detector. Low-temperature measurements were performed in a closed-cycle helium cryostat capable of reaching 8 K. Room-temperature and low-temperature spectra were taken at instrumental resolutions of 4 cm −1 and 1 cm −1 , respectively. Polarized IR measurements were performed using a PT-8 Glan-Thompson polarizer from Optics for Research, Thorlabs. The polarizer was placed in the IR beam path of the FTIR spectrometer immediately before the sample. The polarizer had a working range from 2500 to 4000 cm −1 . Electrical carrier data were obtained by Hall-effect using the Van der Pauw method. Data were gathered using an H-50 Hall and Van der Pauw system from MMR Technologies, Inc. Electrical point contacts were made by pressing small pieces of indium metal on the sample surface. These contacts were ϳ2 mm in diameter. The electrical connections between the Hall-effect system and the indium contacts were made using silver paint.
III. RESULTS
A. Vibrational modes
Room-temperature spectra on as-grown samples show an IR absorption peak at 3148 cm −1 with a width of 8 cm −1 . At liquid-helium temperatures, the peak shifts to 3150.6 cm −1 and narrows to 2.5 cm −1 ͑Fig. 1͒. Previously, polycrystalline samples that were grown in NH 3 produced similar results.
The frequency corresponds to the bond-stretching mode of a N-H complex.
14 Upon growing a seeded sample in the presence of isotopically-pure ammonia gas, 98%
15 NH 3 , a new absorption peak is observed at 3143.9 cm −1 at liquid-helium temperatures. This is an expected isotopic shift when replacing the more common 14 combinations. Furthermore, the observed absorption peak at 3150.6 cm −1 is in agreement with first principles calculations for H in an antibonding ͑AB N ͒ location, which predicted a N-H bond-stretching mode at 3070 cm −1 . 26 These isotopic frequency shifts can be described by the diatomic model, 27 = ͱ k͑
where M is the mass of nitrogen, m is the mass of hydrogen, is an empirical constant that accounts for the vibration of the surrounding Zn and O atoms, and k is the effective spring constant between the nitrogen and hydrogen. In our fit, we allowed for two separate spring constants, one for bonding with hydrogen and the other for deuterium. The nitrogen isotope is expected to have a negligible effect on the spring constant. A least-squares fit to the experimental data, 14 N-H, 15 N-H, 14 N-D, and 15 N-D ͑see Table I͒, using the model in Eq. ͑3͒ yields = 1.0267 and k = 9.3489ϫ 10 6 and 9.6695 ϫ 10 6 amu/ cm 2 for N-H and N-D, respectively. The slightly higher spring constant for N-D is due to anharmonic effects, which result in a shorter bond for deuterated molecules as compared to their hydrogenated analogs. With these parameters, the fundamental frequencies in Table I are reproduced to within 0.1 cm −1 .
B. Anharmonic effects
Further investigation with low-temperature IR spectroscopy showed a second absorption peak at 6132.9 cm −1 for ZnO grown in ammonia with a natural isotopic abundance. The peak shifts to 6120. 
͑4͒
The difference in energy between the ground state ͑n =0͒ and the first excited state ͑n =1͒ is, therefore,
and the difference between the ground state and the second excited state ͑n =2͒ is
where e is the energy from the harmonic component and x e is an anharmonic coefficient. A least-squares fit to our data yields x e = 0.025 295 and e = 3318.3 and 3311.6 cm −1 for 14 N-H and 15 N -H, respectively. The second excited states for 14 N-D and 15 N -D were not observed experimentally, presumably because the signal-to-noise ratio was too low.
We can compare our results for 14 N -H, where the harmonic component e = 3318.3 cm −1 and the anharmonic shift 2 e x e = 167.9 cm −1 ͓see Eq. ͑5͔͒, with first-principles calculations, 26 which obtained e = 3144 cm −1 and 2 e x e = 232 cm −1 . In the calculations, the authors corrected for a systematic error by adding 143 cm −1 to the N-H frequency. Our results suggest that this systematic error arises from an underestimation of the harmonic component combined with an overestimation of the anharmonic component.
C. Polarized IR
For polarized light incident parallel to the c axis, the N-H dipole showed no polarization dependence ͑Fig. 4͒. The existence of an absorption peak in this configuration indicates that the N-H complex is not oriented parallel to the c axis. The invariance in intensity of the absorption peak indicates that these complexes are distributed uniformly around the c axis. When light was incident perpendicular to the c axis, a strong polarization dependence could be observed. The strongest absorption was observed for polarization perpendicular to the c axis.
Using the data gathered from the polarized IR measurements with light incident perpendicular to the c axis, we can determine the orientation of the N-H dipole. Using the ratio of absorption peak areas for light polarized perpendicular where I Pʈc and I PЌc are the 3148 cm −1 absorption peak areas for polarizations parallel and perpendicular to the c axis, respectively. Solving Eq. ͑7͒ indicates that the N-H complex is tilted away from the c axis with an angle = 114Ϯ 2°. This value is in agreement with first-principles calculations showing that the preferred location for hydrogen is AB N,Ќ .
D. Stability
To investigate the stability of N-H complexes, isochronal anneals were performed for 1 h at temperatures increasing from 600 to 925°C in open air ͑Fig. 5, Table II͒. The initial anneal at 600°C resulted in a slight increase in resistivity and no change in the N-H absorption peak. It is known that some hydrogen donor species in ZnO are mobile at 400°C. 30 Therefore, the increase in resistivity is probably a result of hydrogen outdiffusion. This trend continued until 750°C, where the dissociation of some N-H complexes became apparent. The corresponding increase in resistivity can be explained by the continued outdiffusion of hydrogen donors with the added effect from the increased number of nitrogen acceptors. Subsequent anneals show the complete dissociation of N-H complexes. However, at 871°C and above, the resistivity begins to decrease. This suggests the introduction of donor defects at higher temperatures.
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To determine the effect of the ambient, anneals were performed on two different samples in Ar and in O 2 ͑Fig. 6, Table III͒. The two ampoules in which the anneals took place were placed together in the furnace. The first anneal was performed at 750°C while the second took place at 825°C, each for one hour.
After the first anneal, the sample in Ar showed a factor of 8 increase in resistivity and only a slight decrease in the 3148 cm −1 absorption peak area. The sample annealed in O 2 exhibited a factor of 200 increase in resistivity and a substantial decrease in IR absorption peak area.
After the anneal in Ar at 825°C, we see only a slight decrease in resistivity and a decrease in absorption peak area. However, in the O 2 anneal we see a much larger decrease in resistivity and a continued decrease in IR absorption peak area. While we see the same trend in the Ar anneal, the magnitude is much larger for the anneal in O 2 .
Additionally, we monitored the carrier concentration and mobility for these samples. For the Ar anneals, the mobility steadily increases at each temperature while the carrier concentration takes an initial drop but remains steady at 825°C. After the first O 2 anneal, the mobility decreased quite drastically to 2.4 cm 2 V −1 s −1 but seems to increase after the FIG. 5 . ͑Color online͒ Resistivity ͑left axis͒ and 3148 cm −1 absorption peak area ͑right axis͒ for CVT-grown ZnO isochronally annealed in air. anneal at 825°C. The decrease in mobility is consistent with the activation of N acceptors, which contribute to ionized impurity scattering. It should be noted that even though the statistical variation is low in some instances in Tables II and  III , such low mobilities make it difficult to obtain reliable Hall data. In summary, the presence of oxygen during annealing enhances the dissocation of N-H complexes and the corresponding increase in electrical resistivity.
IV. CONCLUSIONS
In conclusion, we have introduced N acceptors and N-H pairs into bulk, single-crystal ZnO. ZnO grown in the presence of a mixture of 14 ND 3 and 15 NH 3 show that the observed N-H complexes involve one N and one H atom. Polarized IR spectroscopy indicates that the N-H complex is oriented 114°from the c axis. The orientation, along with the experimentally observed vibrational mode at 3150.6 cm −1 , agrees with first-principles calculations predicting that the nitrogen is located on the oxygen sublattice with hydrogen in the AB Ќ location. While other researchers attributed different Raman and IR peaks to N-H complexes, 26 ,31 these assignments were not verified by isotopic substitution. Therefore, we suspect that those peaks arise from other impurities such as C-H or O-H. However, as with hydrogen donors in ZnO, 32 it is conceivable that there is more than one possible N-H complex.
Annealing in an oxygen ambient, at temperatures in the range 700-800°C, results in the dissociation of the N-H pairs and a corresponding increase in N acceptors. The increase in N acceptors leads to a decrease in n-type conductivity and mobility. Recent first-principles calculations have predicted that N is actually a deep acceptor. 33 While N certainly acts as an acceptor, the present work cannot determine whether it is shallow or deep.
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